Study Design: Retrospective case-control study. Purpose: To examine the hypothesis that the misuse of thrombin-containing local hemostatics (TCLH) increases the risk of postoperative spinal epidural hematoma (POSEH). Overview of Literature: Many studies have focused on hypocoagulability as a risk factor for POSEH. However, there are no prior reports on the increased risk of POSEH in hypercoagulable states. Methods: Posterior instrumented lumbar spine surgery cases over 2 consecutive years were divided into two groups: a study group (98 patients in whom TCLH was used) and a control group (176 patients in whom TCLH was not used). The excess TCLH matrix that was not associated with blood clot was not removed from the patients in the study group. The senior author decided whether to use TCLH or not. Suction drains were used in all patients. The demographics, coagulation-related factors, and intraoperative factors of the patients in the two groups were analyzed. The development of POSEH was compared between the two groups. Results: The two groups were homogenous in demographics (age and sex), coagulation-related factors (platelet count, prothrombin time, activated partial thromboplastin time, and platelet function analysis), and surgical factors (total blood loss, operation time, blood loss/10 minutes, number of fusion segments, posterolateral fusion/posterior lumbar interbody fusion, and virgin or revision surgery). POSEH developed more frequently in the patients in the study group than in those in the control group (14/98 patients, 14.3% vs. 3/176 patients, 1.7%, respectively; p=0.001; odds ratio, 17.1). Conclusions: TCLH causes blood clot not only at the edge of damaged vessels but also at the site of extravascular blood. Excess TCLH matrix not associated with blood clot at the epidural space can enhance POSEH development because early clotted hematomas do not drain through suction drains.
Introduction
Although the incidence of postoperative spinal epidural hematoma (POSEH) is not high, it is considered a major complication, potentially leading to serious neurological deficit and requiring prompt surgical treatment [1] [2] [3] . While spontaneous or post-intervention spinal epidural hematomas have a close relationship with coagulopathy and antithrombotic or antiplatelet therapy, postoperative cases of spinal epidural hematoma have not been proven to be related to such factors [4, 5] . On the contrary, hypercoagulability or early clotting due to local hemostatics is presumed to disrupt the proper functioning of suction drains and leave larger hematomas at the surgical site. Local hemostatics that contain thrombin have been used since their approval by Food and Drug Administration in 1999. The user manual recommends removing excess hemostatic matrix after hemostasis is achieved. However, there are no studies showing the consequences of incomplete removal of thrombin, especially how this influences the formation of POSEH. We observed that POSEH occurred more frequently when using thrombin-containing local hemostatic (TCLH). Thrombin enhances not only fibrin clot formation at the bleeding site but also induces large clotted extravascular hematoma formation that cannot be removed through suction drains. Thus, in this study, we hypothesized that retained excess TCLH matrix unassociated with blood clot can lead to symptomatic POSEH.
Materials and Methods
This was a retrospective, observational study. TCLH (FloSeal, Baxter, Deerfield, IL, USA) was selectively used at our institution for instrumented spine surgeries between January 2013 and December 2014. All posterior instrumented spine surgeries during this period were retrospectively reviewed. Patients who did not undergo epidural space exposure by laminectomy and those who underwent minimally invasive surgeries were excluded. Initially, 438 patients were included. Among them, 98 patients in whom TCLH was used were classified as the study group; the remaining 340 patients in whom TCLH was not used were classified as the control group. The decision to use TCLH at the time of surgery was arbitrarily made by the senior author. Therefore, the two groups were not homogenous in surgical magnitude; 164 patients in the control group with a shorter operation time than average were excluded. Therefore, in total, the control group consisted of 176 patients. If a patient underwent multiple surgeries, each surgery was counted as a different case. The type of surgery was classified as posterolateral fusion (PLF) or posterior lumbar interbody fusion (PLIF). Patients who underwent both types of surgery were included in PLIF.
We did not remove the excess TCLH matrix after clot formation. Furthermore, we added the remaining TCLH in the epidural space at the conclusion of the surgery. All surgeries were performed by the senior author through a standard posterior approach, and two suction drains were used for every patient. Each drain had a 1.6-mm diameter and was connected to a negative-pressure bag with a pressure of 120±30 mm Hg (Ez-VAC, EZ Medisys, Koyang, Korea). Suction drains were removed on postoperative day 3. For comparing the homogeneity between the two groups, demographic, surgical, and coagulation-related parameters were analyzed. A revision surgery was defined as a repeated surgery at the same segments or adjacent segments. POSEH was postoperatively identified by the presence of new neurological symptoms and characteristic findings on magnetic resonance imaging (MRI) ( Fig.  1 ) and finally confirmed by improvement after surgical removal. For statistical analysis, independent t-tests and chi-square tests were used for comparing the homogeneity for parametric and non-parametric variables, respectively. The Levene's test was used for analyzing the equality of variances. Odds ratio (OR) was determined using the Fisher's exact test. Because there were some heterogeneous variables, the independence of TCLH as a risk factor was confirmed using multivariable logistic regression analysis. SPSS for Windows software package (ver. 16.0; SPSS Inc., Chicago, IL, USA) was used.
Results
Demographics and coagulation-related factors are presented in Table 1 . There was no difference between the two groups for all factors. Surgical factors are presented in Table 2 ; there were no significant differences between the 
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groups. POSEH developed in 14/98 patients (14.3%) in the study group and 3/176 patients (1.4%) in the control group. There was a significant difference between the two groups in terms of POSEH (OR, 17.1).
Discussion
One of the most feared complications of spine surgery is neurological injury. Occasionally, this can be prevented using proactive surgical maneuvers. According to Cramer et al. [6] , the most common cause of neurological injury after spine surgery is POSEH. Unfortunately, little is known about POSEH. Studies indicate that symptomatic POSEH should be surgically removed as soon as possible to prevent permanent neurological sequelae [1] [2] [3] . Furthermore, a consensus has not been reached regarding the general incidence, pathogenesis, type and degree of neurological symptoms, and risk factors [7] [8] [9] [10] [11] . Therefore, preventive strategies are limited with the exception of suction drain implementation. Previous studies have shown that suction drains reduce the remaining epidural hematoma [12] , and reducing hematomas by using drains is sometimes related to symptom development [11, 13] and sometimes not [14] [15] [16] [17] . However, most previous studies showthat POSEH was not prevented by suction drains [3, [18] [19] [20] [21] [22] [23] .
Hemostasis is mechanistically divided into two steps. First, a damaged vessel contracts and platelets aggregate and plug the damaged area. Then, Von Willebrand factors released from the endothelial cells enhance platelet aggregation. This is referred to as primary hemostasis. Subsequently, activated clotting factors in the plasma activate thrombin. Fibrinogen is then converted into fibrin by thrombin. Finally, fibrin mesh reinforces the aggregated platelet plug. This is referred to as secondary hemostasis [24] . Meanwhile, extravascular blood has no vascular factors and mainly depends on secondary hemostasis to form a clot. We presume that unclotted blood easily drains through suction drains. If blood in the epidural space is clotted before suction drains begin to work, the amount of remaining hematoma would increase. The factors that retard the vacuum state of epidural space are multilevel, revision, and instrumented surgeries. These are the currently suspected risk factors of POSEH [9, 13, 25] . Although we reform the closed vacuum state of the epidural space as soon as possible, if extravascular blood clots faster than usual, the amount of remaining hematoma would also increase. Theoretically, TCLH can accelerate the clotting of extravascular blood. Although the user manual of FloSeal recommends removing hemostatic matrix that is not associated with the clot, there is no warning about the risk of POSEH. Before we began the present study, we performed a simple preliminary experiment wherein we added TLCH into blood, and delayed activation of suction resulted in improper function of suction drains. We then performed the present study to evaluate this further in real-time clinical scenarios. TCLH dramatically increased symptomatic POSEH (OR, 14) . It should be noted that we did not expressly follow the manufacturer's guidelines, and the excess TLCH matrix was TBL, total blood loss; OPT, operation time; BL/10 min, blood loss per 10 minutes; PLF/PLIF, posterolateral fusion/posterior lumbar interbody fusion; V/R, virgin/revision; POSEH, postoperative spinal epidural hematoma. not removed. Furthermore, we added TCLH to the epidural space to stop the bleeding and left it until just prior to wound closure. Doing this may increase the incidence of POSEH. We strongly believe that unused active thrombin should be removed to prevent unexpected early clotting of extravascular blood before appropriate drainage. Previous studies that indicated multilevel surgery and revision surgery as risk factors of POSEH did not specify the reasons [9, 13, 25] . There would be many reasons for that; however, we thought it as a cardinal one that both conditions delayed activation of suction drains because of loss of tissue elasticity and longer wound closing time.
Emori et al. [26] reported an essential thrombocythemia case that demonstrated a link between hypercoagulability and POSEH. They did not, however, clarify the mechanism underlying this link. We believe that we have presented a hypothesis linking hypercoagulability to POSEH. Although we cannot explain the overall pathogenetic mechanisms with this model, we can say that hypercoagulability or iatrogenic enhancement of the clotting of extravascular blood increases the possibility of POSEH. Some studies claim that antiplatelet medication is one of the risk factors for POSEH [5, 8] . Decreased platelet function increases bleeding from a damaged vessel because platelet plugging is inhibited. However, the clotting time of extravascular blood would not be influenced. The likelihood of POSEH, here, would theoretically increase. If the clotting time of extravascular blood is also prolonged, the remaining blood can be easily drained through suction drains. Based on the above, we believe that POSEH can be prevented by the timely activation of suction drains prior to the clotting of extravascular blood.
There are limitations of the present study. Because this was not a prospective study and the decision whether to use TCLH was arbitrarily determined, the two groups were not completely homogenous. For stratified sampling, the short time operations in non-TCLH cases were excluded from the control group. The results of this study should be cautiously interpreted as we did not remove excess TCLH matrix after achieving hemostasis. It remains unclear whether TCLH still increases the risk of POSEH even after completely removing the excess matrix. However, OR of the study group was high enough to be meaningful. To the best of our knowledge, our study is the first that presents one of possible pathogenesis model of POSEH. Though this is not a prospective study, we believe it serves as a baseline for future studies on this complex disease.
Conclusions
TCLH forms blood clots not only at the edge of damaged vessels but also at the site of extravascular blood. The remaining excess TCLH matrix at the epidural space can lead to the development of POSEH because early clotted hematoma does not drain through suction drains. Excess TCLH matrix must be completely removed as it accelerates the clotting of extravascular blood in the epidural space before suction drains get activated. The potential hazardous influence of TCLH should be clarified in the user manual.
